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Accurate double ionization energies (DIEs) for low-lying doubly charged states of HCl, HBr, Cl2 and Br2
were calculated using non-relativistic CASSCF/MRCI level of theory with the aug-cc-pVQZ basis set.
The results are in excellent agreement with experimental data, presenting absolute average deviations
lower than 0.3 eV. Some DIEs not previously assigned or well characterized are discussed. Further
improvements can be reached by including relativistic effects.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The electronic nature of molecular doubly charged cations has
been studied since the beginning of photoelectron spectroscopy
methods by Auger Electron Spectroscopy [1–6]. Most recently, syn-
chrotron radiation based methods, particularly coincidence meth-
ods, have provided very accurate results on vertical double
ionization energies (DIEs) for molecular systems [7–11].
Molecules such as bromine, chlorine and their corresponding
hydrogen halides play a very important role in atmospheric chem-
istry [12,13]. They are known as sources of possible intermediates
that can be responsible for ozone layer destruction. Information
from DIEs is very relevant to study interatomic interactions in plas-
mas and ionized gases. Some experimental studies on the double
ionization spectra of HCl, HBr, Cl2 and Br2 molecules have been
reported in the literature, focusing on the low-lying electronic
states. An important study on the doubly charged ions of hydrogen
chloride and chlorine molecules using the Threshold Photoelec-
trons Coincidence (TPEsCO) technique was reported by McConkey
et al. [7] in 1994 and is still used as a model to study the double
ionization spectra of other halides. That study identiﬁed two vibra-
tionally resolved low-lying electronic states of HCl and Cl2 due to
the double ionization of the p valence orbital, the ground-state X
3R and a 1D state. These authors [7] suggested that a third broad
band was the result of innermost doubly ionized states for both
molecules. For chlorine, the third band could be identiﬁed as b
1Rþg state. For hydrogen chloride, the third band is probably also
due to the b 1R+ state, that was assigned by comparison with
chlorine spectrum and with previous studies. Another prominento).
sevier OA license.peak was observed in the HCl spectrum at 36.37 eV, which was
expected to be due to indirect ionization processes.
Recently, Alagia et al. have reported the double ionization
spectra of HCl [9] and HBr [10] molecules, carried out by means
of Photoelectron–Photoion Coincidence (PEPICO) and TPEsCO tech-
niques. The authors have achieved results which may explain the
autoionization and photodissociation mechanisms involved in
double ionization process. Especially, the hydrogen bromide spec-
trum has shown good agreement with previous studies, except for
not having clear evidence for the formation of the b 1R+ state. For
hydrogen chloride, their PEPICO results and conclusions are in
good agreement with TPEsCO results from McConkey et al. [7].
Fleig et al. [14] have proposed a new double ionization
mechanism for the bromine molecule based on time-of-ﬂight
Photoelectron–Photoelectron Coincidence (TOF-PEPECO) experi-
mental results and also on theoretical relativistic calculations.
Their theoretical DIEs obtained via high level four-component
relativistic Multi Reference Coupled Cluster (MRCC) and the Multi
Reference Conﬁguration Interaction (MRCI) method [14] are in
excellent agreement with the experimental values presenting an
absolute average deviation of 0.26 eV for six transitions.
Many efforts have been made with the purpose of understand-
ing double ionization spectra, including theoretical calculations
and empirical approaches. However, the complete elucidation of
HCl, HBr, Cl2 and Br2 spectra was not carried out, especially due
to the difﬁculty of reading information from different experiments
and of developing empirical rules to read double ionization spec-
tra. Therefore, rigorous ab initio calculations have been invoked
to support the interpretation of molecular doubly charged cation
spectra.
Theoretically, the most recent and accurate calculations of dou-
ble ionization energies have been carried out by a method based on
electron propagator theory derived from superoperator theory and
corrections introduced by the shifted-denominator approximation
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evaluation of HCl, HBr, Cl2 and Br2 spectra is relatively unexplored.
The sparse theoretical data found in literature are based on the
difference of the electronic energy of the species using Density
Functional Theory (DFT) [16], Conﬁguration Interaction (CI) [17]
or MRCI [14] methods. In recent years Chong [16] has reported
interesting results on DIEs for molecules and atoms using DFT.
Very accurate values for ground-state DIEs were obtained for 29
selected molecules, including those we are reporting in this Letter,
with an absolute average deviation around 0.5 eV depending on
the functional. Such accuracy is considered in good agreement
with the experimental data.
Calculation of doubly ionized states demands electron correla-
tion and relaxation effects that can be reached by high-level ab ini-
tio approaches, such as MRCI and MRCC. Thus, the objective of this
work is to obtain accurate and reliable values for the low-lying
DIEs of HCl, HBr, Cl2 and Br2 molecules using the CASSCF/MRCI
with extended basis set. An analysis of the band structure for these
molecules is evaluated and an attempt to elucidate disagreement
between different experimental methods and other theoretical cal-
culations is discussed.Table 1
Double ionization energies (in eV) of HCl calculated using CASSCF/MRCI and DFT are
compared with experimental data. Absolute error with respect to experiment is given
in parenthesis.
State Experimenta CASSCF/MRCI DFTb
3R 35.59 35.74(0.15) 35.99(0.40)
35.94(0.35)
35.86(0.27)
35.81(0.22)
1D 37.08 37.28(0.20)
1R+ 38.34 38.57(0.23)
AADc 0.19
a Ref. [7].
b Ref. [16]. SAOP corrected functionals B97-2, B97-1 and B3LYP and conventional
B3LYP functional, in order of appearance.
c Absolute average deviation.2. Methods
The three low-lying doubly ionized electronic states X 3R, a 1D
and b 1R+ for the HCl and HBr molecules were studied in this work.
For Cl2 and Br2, we have computed the six lowest-lying electronic
states X 3Rg , a
1Dg, b 1R
þ
g ,
1Rg ,
1Ru , and
3Ru , the last three uncer-
tainties predicted by experiment [7]. The vertical DIEs were calcu-
lated as the difference between the electronic energies of the
doubly ionized species and the neutral one at the experimental
equilibrium geometries [18,19]. The augmented correlation-
consistent polarized valence quadruple-zeta (aug-cc-pVQZ) atomic
basis functions developed by Dunning et al. were used from the
latest version available at the extensible computational chemistry
environment basis set database [20]. All the electronic energies
were initially carried out using the state-averaged complete active
space self-consistent ﬁeld, CASSCF, in order to include, as much as
possible, the static correlation effects in the wave functions. The
active spaces consist of equivalent atomic valence electrons and
orbitals, where the number of active orbitals corresponds to the
combination of 1s orbital from Hydrogen and one ns and three
np orbitals from Cl or Br. For HCl and HBr molecules, the (8 in 5)
and (6 in 5) active spaces were considered for the neutral and dou-
bly ionized species, respectively, in which all possible electronic
excitations resulting from the distribution of eight (or six) elec-
trons into ﬁve active orbitals (3 a1, 1 b1 and 1 b2 at the C2v point
group) were allowed. For Cl2 and Br2 molecules, (14 in 8) and (12
in 8) active spaces were considered, also for the neutral and doubly
ionized species, respectively, in which the eight active orbitals are
2 ag, 1 b3u, 1 b2u, 2 b1u, 1 b2g and 1 b3g at the D2h point group. Appli-
cation of Davidson extrapolation procedure for other active spaces
to the full CI limit did not change signiﬁcantly the accuracy of the
calculations, indicating that the valence active space is appropriate
for these molecules.
A MRCI calculation was carried out with the inclusion of all sin-
gle and double excitations from the reference set generated by all
the CASSCF conﬁgurations with the purpose of introducing the re-
quired dynamic correlation in the wavefunction and the core orbi-
tals were kept frozen in all calculations. All the results obtained in
this study have considered Davidson’s extrapolation procedure
[21,22], which provides an estimate of the contribution of the
remaining conﬁgurations to the full conﬁguration interaction limit
not included in the MRCI calculation. All CASSCF and MRCI calcula-
tions were carried out with the MOLPRO suite of programs [23].3. Results and discussion
The double ionization energies were calculated at the experi-
mental equilibrium bond length: 1.275 Å (HCl) [18], 1.414 Å
(HBr) [18], 1.988 Å (Cl2) [19] and 2.281 Å (Br2).
Table 1 shows the CASSCF/MRCI results for the vertical DIEs of
hydrogen chloride, experimental data from the TPEsCO technique
reported by McConkey et al. [7] and theoretical results calculated
using DFT reported recently by Chong. [16]. Chong has tested three
different functionals, namely B97-2, B97-1 and B3LYP with an
exchange–correlation potential correction called statistical averag-
ing of orbital potentials (SAOP) to estimate ground-state double
ionization energies. The conventional B3LYP functional was also
tested. For the ground-state DIE of hydrogen chloride, CASSCF/
MRCI presents better performance with experimental data than
DFT values. CASSCF/MRCI achieves an absolute average deviation
(AAD) from the experimental values of only 0.15 eV. The best
DFT result is achieved with conventional B3LYP functional, with
an AAD of 0.22 eV. Considering the three lowest-lying DIEs the
CASSCF/MRCI reached an AAD of 0.19 eV. The TPEsCO spectrum
has shown vibrationally resolved bands for the two ﬁrst ioniza-
tions, X 3R and a 1D. The b state could not be safely assigned,
but it is expected to lie at approximately 38.5 eV according to
the authors [7] and the earlier prediction of Banichevich et al.
[24]. A very weak broad band has been seen from 38.0 eV to
39.0 eV, where the b state, among others, would be located [7].
From the present calculations the b 1R+ state is found at
38.57 eV. The hydrogen chloride TPEsCO spectrum was not inves-
tigated beyond the range of the two lowest-lying states. However,
it was predicted that the pure repulsive state 3P might lie very
near the b state. We have found a DIE for the 3P state of
39.56 eV, approximately 1 eV beyond the b state. McConckey
et al. [7] have observed a prominent band at 36.37 eV. They asso-
ciated it as a possible indirect process via a satellite state of the
ground-state dication. The present calculations have not found
out any double ionization in that energy range.
Table 2 lists the DIEs for the hydrogen bromide molecule calcu-
lated with CASSCF/MRCI procedure and also with DFT, as reported
by Chong [16] for the ground-state DIE. The theoretical results are
compared with two sets of experimental data obtained by means
of the TPEsCO [10] and the TOF-PEPECO [8] techniques. The values
obtained by both experiments are very similar. The two lowest-
lying doubly charged states have clearly been assigned in both
spectra. Alagia et al. [10] identiﬁed from their TPEsCO spectrum
the X 3R state at 32.67 eV and the a 1D state at 34.02 eV. The
TOF-PEPECO spectrum reported by Eland [8] has shown those
states at 32.62 eV and 33.95 eV, respectively. In the present work,
the CASSCF/MRCI calculations for the same states are in better
agreement with the experimental values from Eland [8]. The b 1R
Table 2
Double ionization energies (in eV) of HBr calculated using CASSCF/MRCI and DFT are
compared with experimental data. Absolute error with respect to experiment is given
in parenthesis.
State Experimenta Experimentb CASSCF/MRCI DFTc
3R 32.67 32.62 32.56(0.11|0.06) 32.83(0.16|0.21)
32.75(0.08|0.13)
32.75(0.08|0.13)
32.72(0.05|0.10)
1D 34.02 33.95 33.92(0.10|0.03)
1R+ 35.28d 35.19 35.13(|0.06)
AADe (0.11|0.05)
a TPEsCO results from Ref. [10].
b TOF-PEPECO results from Ref. [8].
c Ref. [16]. SAOP corrected functionals B97-2, B97-1 and B3LYP and conventional
B3LYP functional, in order of appearance.
d Empirical calculations and experimentally not assigned.
e Absolute average deviation.
Table 4
Double ionization energies (in eV) of Br2 calculated using CASSCF/MRCI and DFT are
compared with experimental data. Absolute error with respect to experiment is given
in parenthesis.
State Experimenta CASSCF/
MRCI
CASSCF/
MRCIb
CASSCF/
MRCIb,a
DFTc
3Rg 28.53 28.18
(0.35)
28.53 28.53 28.32(0.21)
28.23(0.30)
28.16(0.37)
28.11(0.42)
1Dg 28.91 28.61
(0.30)
28.96
(0.05)
29.01
(0.10)
1Rþg 29.38 28.91
(0.47)
29.26
(0.12)
29.45
(0.07)
1Ru 30.3 29.69 30.04
3Du 29.84 30.19
3Rþu 29.88 30.23
3Rþu 31.6 31.36 31.71
AADd 0.37e 0.09b,e 0.09b,e
a Ref. [14].
b The absolute energies have been adjusted to the experimental peak at 28.53 eV.
c Ref. [16]. SAOP corrected functionals B97-2, B97-1 and B3LYP and conventional
B3LYP functional, in order of appearance.
d Absolute average deviation (AAD).
e AAD considering three experimental values.
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These authors estimated energy of 35.28 eV by empirical methods
for that ionization, in agreement with the DIE reported by Eland of
35.19 eV. For the ground-state hydrogen bromide DIE reported by
Chong, the best deviation with respect to the experimental data
was achieved with the conventional B3LYP functional, of 0.05
and 0.10 eV, considering TPEsCO and TOF-PEPECO data, respec-
tively. The CASSCF/MRCI results for the DIEs of hydrogen bromide
present much better agreement with the experimental results than
the hydrogen chloride results: an AAD of only 0.05 eV with respect
to TOF-PEPECO experimental data from Eland, considering the
three lowest-lying DIEs. This result may be due to small differences
between values obtained from both TPEsCO and TOF-PEPECO
experiments. An AAD of 0.06 eV was found between values from
Refs. [10] and [8], which might explain the slightly better results
achieved when TOF-PEPECO experimental values were considered.
When TPEsCO experimental data from Alagia et al. [10] are taken,
CASSCF/MRCI results show an AAD of 0.11 eV, the same deviation
obtained for hydrogen chloride.
The TPEsCO spectrum of chlorine was measured by McConkey
et al. [7] covering an energy range from 30.50 eV to 35.50 eV. In
the energy region below 32.50 eV, these authors identiﬁed three
vibrationally resolved peaks at 31.30, 31.74 and 32.12 eV, corre-
sponding to X 3Rg , a
1Dg and b 1R
þ
g states, respectively. Table 3
shows CASSCF/MRCI results for these three states as 31.05, 31.65
and 31.91 eV, respectively, with an absolute average deviation
with respect to experimental data of 0.21 eV. It is possible to make
an unambiguous assignment of the ﬁrst three DIE based on theTable 3
Double ionization energies (in eV) of Cl2 calculated using CASSCF/MRCI and DFT are
compared with experimental data. Absolute error with respect to experiment is given
in parenthesis.
State Experimenta CASSCF/MRCI DFTb
3Rg 31.30 31.05(0.25) 31.14(0.16)
31.05(0.25)
30.94(0.36)
30.89(0.41)
1Dg 31.74 31.65(0.09)
1Rþg 32.12 31.91(0.21)
1Ru 32.97 32.99
3Du 33.15
3Rþu 32.97 33.21
3Ru 34.94
AADc 0.18d
a Ref. [7].
b Ref. [16]. SAOP corrected functionals B97-2, B97-1 and B3LYP and conventional
B3LYP functional, in order of appearance.
c Absolute average deviation
d AAD considering three experimental results.calculated values, even for the ground-state dication X 3Rg , since
the ﬁve vibrational levels are 80 meV apart from each other; the
ﬁrst vibrational level (m’(0) m(0)) is located at 31.13 eV. The re-
gion of the spectrum above 32.50 eV presents an intense broad
band starting at approximately 32.97 eV, which would be contri-
butions from 1Ru ,
3Du and 3R
þ
u states. These states, with DIEs of
32.99, 33.15 and 33.21 eV, respectively, were found in the present
calculations and agree with the experimental prediction. The two
last calculated DIEs, 3Du and 3R
þ
u , are separated by only 0.06 eV,
which does not permit an unambiguous assignment. However,
since the experiment does not provide enough information about
those states, one can conclude that the calculated CASSCF/MRCI
DIEs make possible the assignment of the entire experimental
spectrum. Moreover, Table 3 shows a DIE at 34.94 eV, due the dou-
ble ionization with ﬁnal state 3Ru , not identiﬁed by McConkey
et al. [7] in their study, since the region above the broad band that
should have contributions from 1Ru ,
3Du and 3R

u states is not well
resolved. Comparing the CASSCF/MRCI ground-state DIE with those
calculated with DFT, a deviation of 0.25 eV from experimental data
was found, while the DFT results presented an average deviation of
0.30 eV for the four functionals tested. The best result was
achieved with the B3LYP + SAOP functional with a deviation of
0.16 eV and the worst with B3LYP with a deviation of 0.41 eV.
The doubly photoionization spectrum of bromine was mea-
sured by Fleig et al. [14] using a TOF-PEPECO experiment. Fleig
et al. [14] also presented high level four-component relativistic
MRCC and CASSCF/MRCI calculations with bands being assigned
from their photoionization spectrum populated at 30.4 nm. Inner-
most double ionizations were also described with CASSCF/MRCI,
but since the purpose of the present work is to characterize the
lowest-lying states, those states were considered only for compar-
ative effects. Table 4 lists the values of seven DIEs of bromine
calculated with the present CASSC/MRCI, compared with the
TOF-PEPECO experimental results [14] and also DFT values for
the ionized ground state [16]. The present results are shown in
two columns; where in the second one the values have been
adjusted to the experimental peak at 28.53 eV to compare with
the relativistic CASSCF/MRCI results. Similar to the Cl2 assignment,
the ﬁrst three peaks correspond to X 3Rg ,
1Dg and 1R
þ
g states, as
assigned by Fleig et al. [14]. Both CASSCF/MRCI results for the three
lowest-lying DIEs of bromine are in excellent agreement with
experiment data with a deviation of only 0.09 eV. Although the
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the CAS active space (12 in 6) is larger than the previous study
(8 in 6). As seen in Cl2 double photoionisation spectra, the Br2 spec-
trum presents a broad band at 30.3 eV, which would be contribu-
tions from 1Ru ,
3Du and 3R
þ
u states. The next DIE at 31.36 (31.71
adjusted) eV due to the double ionization with ﬁnal state 3Ru ,
could be attribute to the broad peak at 31.36 eV. The DFT
ground-state DIEs for bromine calculated with four functionals
[16] present an averaged deviation of 0.33 eV from the experimen-
tal value, assigned to be 28.53 eV, and in agreement with the CASS-
CF/MRCI value, which has presented a deviation of 0.35 eV.
The general overview of the CASSCF/MRCI procedure gives
excellent results for double ionization energies for the group of
molecules studied.
4. Conclusions
This study reports double ionization energies for the low-lying
doubly charged states of HCl, HBr, Cl2 and Br2 molecules calculated
at the CASSCF/MRCI level of theory with the aug-cc-pVQZ basis set.
Excellent agreement with experimental results was obtained for
three lowest DIEs of hydrogen chloride and hydrogen bromide
with absolute average deviations of only 0.19 eV, 0.11 and
0.05 eV, respectively. The three ﬁrst DIEs of chlorine and bromine
presented an absolute average deviation of 0.18 eV and 0.10 eV,
respectively. Considering seven DIEs for the bromine molecule,
an average absolute deviation with respect to experimental data
of 0.25 eV was obtained. We have not considered all the seven DIEs
for the chlorine molecule due to the fact that the three innermost
states were considered by McConkey et al., starting at 32.97 eV,
and were not particularly identiﬁed [7]. The present calculations
suggest that CASSCF/MRCI will be limited to accuracy lower than
0.2 eV for the lowest-lying DIEs even for molecules containing ele-
ments as heavy as Br. Considering the innermost DIEs for Br2 mol-
ecule, the accuracy is increased to 0.3 eV.
The calculations from this letter allowed indicating assignment
of some experimental bands, especially those that lie in higher
energy ranges of the spectra.
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